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Basic Equations
The model used for our studies of gravity wave breaking in two and three dimensions solves the equations expressing conservation of mass, momentum, and energy (the Euler equations) describing nonlinear dynamics in an inviscid, compressible, stratified fluid. Included in these equations, however, are terms representing an artificial diffusion to account for dissipation of energy at small scales in a manner permitting the physical description of processes occurring at larger scales of motion. These equations may be written in the form The additional terms in the momentum and adiabatic energy equations include a source term F to excite gravity waves and artificial diffusion terms P and Q to reduce the truncation errors caused by the nonlinear cascade of energy toward small spatial scales. The forms of these terms are described further below.
Spectral Representation and Spectral Diffusion
Equations (1) are solved in Cartesian coordinates (x, y,z), using a spectral collocation method described by Canuto et al. [1988] . We use a Fourier/Chebyshev representation of the solution where trigonometric functions and Chebyshev polynomials describe the horizontal and vertical structure, respectively. As a result, our solutions are periodic in the horizontal directions and admit nonperiodic solutions and boundary conditions at the horizontal boundaries.
We also nondimensionalize all variables with respect to the density scale height H, the sound speed c•, with c• -7gH, a timescale H/cs, and a reference temperature To, density p0, and pressure p0 for this and subsequent discussions. With these choices the atmosphere is isothermal and the nondimensional Brunt-Viiisiilii frequency squared is N2 = (7-1)/72. [1988], permitting a high degree of utilization of present vector/parallel computers. The diffusion terms P and Q are represented as spectral diffusion in our model formulation. This approach was suggested by Tadmot [1989] , who applied the method to one-dimensional shock waves, and adopted for a Fouricr/Chebyshev method for the present problem by Andreassen et al. [1993] . These diffusion terms where a • 1.5 is an empirical constant and Ni is the number of collocation points in direction i. This formulation of the diffusion has the advantages that it damps small scales in a manner similar to eddy diffusion, it leaves larger scales unaffected by dissipation, and the method can be proven to converge for several problems involving conservation laws as the threshold wavenumbers increase and the diffusion coefficients decrease with increasing Ni as in equation (7) [Wasberg, 1992] The instability growth and its influences on the incident gravity wave are illustrated more clearly in Given the comparisons presented above, it appears that 2-D simulations are largely unable to describe either the instability processes contributing to wave saturation or the implications of wave breaking for spectral evolution and transports of energy, momentum, heat, and constituents for gravity waves at higher intrinsic 
Summary and Conclusions
We have developed a three-dimensional, nonlinear, compressible, spectral collocation model and applied it to the problem of gravity wave breaking in the atmosphere. To facilitate efficient simulation of the wave field evolution, we chose wave parameters that would yield rapid vertical propagation and transition to instability. To demonstrate the differences between twoand three-dimensional simulations of wave instability, we have compared in this paper the two-dimensional wave field evolutions and the energetics of the wave and instability structures in two and three dimensions.
Companion papers by Fritts et al. [this issue] and Islet et al. [this issue
] address the detailed structure of the instability responsible for wave saturation and the subsequent transition to isotropic small-scale structure.
Our simulations reveal dramatic differences between two-and three-dimensional evolutions of a breaking gravity wave. The major differences include a very much more rapid breakdown of the unstable wave structure (within a buoyancy period), stronger constraints on wave amplitudes, and vigorous instability structures aligned parallel to the incident gravity wave in the three-dimensional simulation (elongated in the streamwise direction), relative to the two-dimensional simulation. As a result, we conclude that wave breaking, at least in the parameter range addressed by our simulations, is an inherently three-dimensional process that cannot be described in a physical manner in twodimensional simulations. Thus the majority of the consequences of wave breaking for the atmosphere and oceans, such as the intensity, morphology, and intermittency of turbulence, the induced transports and turbulent diffusion of heat and constituents, and the implications of wave-wave and wave-mean flow interactions for evolution of the wave spectrum with height and its influences on the mean flow, may require three-dimensional studies for their resolution. We anticipate, however, that the more important consequences of wave breaking in 3-D may be parameterized suitably in 2-D simulations once the effects are sufficiently understood.
Additional work is needed to determine whether the results presented here are representative of wave breaking for more general wave and mean flow environments. In particular, subsequent studies will address wave breaking at lower intrinsic frequencies, in more general shear flows, in a multiple-wave environment, and the implications of the induced turbulence for mixing and transports.
